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Foot  Operation  of  Controls 

by  K.  H.  K.  Khoemer 

Anthropology  Branch,  Human  Engineering  Division,  Aerosj)acc  Medical  Kesenreh  Laboratory, 
Wright-Patterson  Air  Force  Base,  Ohio  4o433 

The  literaturo  pertaining  to  foot  operation  of  controls  is  reviewed  and  a  now 
experiment  rej^orted. 

Publishe<l  oxjmrimontal  resulLs  clarify  only  some  isolated  as{)eet8  of  log  aiul  foot 
motions.  Even  the  relatively  often  inv'ostigatcd  S{>eod  of  oix^rating  jw^dals  and 
forc<\s  that  can  1^^  applied  to  thoin,  were  studied  under  such  diffeient  ex|)orimciital 
comlitions  that  no  general  statements  aro  possible  concerning  wlvat  jx'dal  can  bo 
of)erated  most  quickly  or  forcibly.  Opinions  about  the  advantages  anti  dis¬ 
advantages  of  hand  versus  foot  ojwration  seem  not  generally  basctl  on  ex{M''rimcntal 
findings. 

In  an  experiment,  20  seated  young  adult  male  snbj(*cts  moved  their  right  foot  as 
rapidly  as  possible  over  distances  of  15  cm  to  circular  targets.  The  direction  of 
theso  discrcto  movoinonts  had  no  approciablo  cffc'ct  on  tho  accuracy  of  motion. 
Forward  motions  of  tho  vertical  or  almost  vortical  lower  log  wt^re  slightly  faster 
than  backward  or  lateral  motions  of  tho  elevated  lower  log.  All  motions  could  bo 
performed  in  about  01  seconds. 


1.  Introduction 

'  Examples  of  human  controlled  mechanisms  in  which  the  feet  assume 
portions  of  the  control  function  abound:  automobiles,  airplanes,  and  musical 
instruments,  for  example.  But  almost  never  is  primary  control  of  a  ])r()eess 
given  over  entirely  to  the  feet,  though  there  may  be  a  clearly  obvious  adantage 
in  having  the  hands  free  for  other  tasks.  The  reason  for  this  ])robably  lies  in 
the  relatively  gross  nature  of  typical  neuromuscular  behavior  of  the  feet, 
with  the  attendant  difficulty  of  training  them  for  a  deli(*ate  task.  But  if  the 
feet  and  Icg.s  are  already  highly  trained  for  the  ta.sk,  in  fact  so  highly  trained 
that  the  necessary  delicate  responses  have  become  rcilcxes,  they  should  be 
able  not  only  to  do  the  job  adequately,  but  to  do  it  with  practically  no  training 
and  very  little  demand  on  the  higher  neural  eenters.  Allowing  such  a  function 
to  assume  some  primary  control  duty,  then,  should  free  the  hands  and  mind  for 
other  primary  duties  and  thereby  make  the  overall  system  more  flexible,  more 
capable,  and/or  more  economical.’ 

Since  Keller  and  O’ Hagan  (1963)  uTote  those  sentences  the  literature  .shows 
no  evidence  of  more  studies  than  before  being  devoted  to  the  question  of  ‘  hand 
versus  foot  operation  of  controls  ’.  Despite  the  ])ractical  importance  of  this 
problem,  surprisingly  little  research  has  been  published  indicating  the  j)ossi- 
bilities  and  limitations  of  using  the  feet  for  inputs  to  man  machine  systems. 

'J’his  report  contains  a  review  of  the  literature  pertaining  to  foot  oj)cration 
of  controls,  and  a  description  of  experiments  on  the  S])ecd  and  aceuracy  of 
discrete  foot  motions. 


2.  Literature  Review 
2.1.  Speed  of  Activation  of  Foot  Controls 

Barnes  et  al.  (1942)  were  the  first  of  several  experimenters  studying  the  o])cra- 
tion  of  a  particular  group  of  pedals  as  sketched  in  Figure  1 .  All  the  pedals  had  in 
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common  that  they  were  rotated  with  the  foot  about  a  pivot  near  the  pedal 
surface.  This  pivot  was  located  at  the  rear  end  of  the  pedal,  or  at  the  front, 
or  somewhere  in-between. 

In  their  study,  ‘  12  male  and  3  female  ’  sitting  subjects  depressed  eaeh  pedal 
with  the  right  foot  as  often  as  possible  during  a  period  of  three  minutes. 
Unfortunately,  not  all  experimental  data  are  reported:  questions  remain,  e.g., 
with  respect  to  the  initial  position,  the  resistance  of  the  pedals  and  the  amount 
of  travel  (Table  1).  Barnes  et  al.  concluded  that  hinging  the  pedal  at  the  rear 
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Figure  1.  Location  of  the  pivot  in  previous  pedal  experiments. 
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Tiiblu  1.  List  of  experimental  parameters  m  the  i)eclal  studios  of 

Barnes.  Hardaway  and  Podolsky  (1942)  BHP 
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or  at  the  front  allowed  subjects  to  perform  the  maximal  number  of  (attempted 
and  completed)  strokes  per  minute.  Using  stationary  platforms  for  the  heel 
of  the  foot,  or  hinging  the  pedal  *  at  the  areh  *  of  the  foot  reduced  the  stroke 
freqiieney. 

Lauru  (1957)  also  used  similar  pedals,  but  had  in  addition  one  with  the  pivot 
*  in  the  axis  of  the  tibia  ’  under  the  heel.  No  description  of  the  pedal  dimen¬ 
sions,  excursions,  resistances,  etc.,  is  given  except  that  the  pedals  '  activated  a 
cutting  press  Lauru  measured  the  forces  exerted  on  the  pedals  and  the  time 
consumed  in  their  operation.  He  found  that  the  pedal  hinged  under  the  heel 
eould  be  activated  fastest  and  required  least  force  for  operation  by  a  sitting 
subject.  The  pedals  hinged  ‘  under  the  foot  areh  *  and  at  the  rear  end  were  the 
next  best  while  the  front-hinged  pedals  needed  most  force  and  time  for 
activation. 
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Nichols  and  Amrine  (1959)  claim  to  have  used  the  same  pedals  as  Barnes  et  ah 
Unfortunately,  they  also  do  not  report  the  initial  position  or  the  amount  of 
travel  of  the  pedals.  The  pedals  offered  three  levels  of  resistance  to  the 
operation,  since  weights  of  5  lb,  10  lb,  and  15  lb  were  attached  to  them  through 
cables  and  pulleys.  The  authors  do  not  specify  what  amount  of  force  or  work 
was  required  to  move  the  i^edals.  Five  male  college  students  ('  between  the 
ages  of  17  and  25  3"ears  ’)  operated  the  pedals  w^hile  standing.  Manner  and 
frequency  of  operation  are  not  reported.  The  authors  state  that  the  smallest 
increases  of  the  subjects’  heart  rates  oeeurred  when  they  operated  pedals 
hinged  at  the  rear  or  at  the  front. 

Trumbo  and  Schneider  (19G3)  also  used  Barnes’  pedal  types.  In  the  initial 
position,  the  pedals  were  inclined  at  30  degrees.  From  this  position  the  pedals 
had  to  be  pressed  down  15  degrees  against  a  spring.  This  action  required  a 
work  of  about  2-G  in,  lb.  Ten  male  college  students,  while  sitting,  operated  the 
pedal  as  fast  as  possible  upon  a  light  signal.  Discrete  activations  were  required 
rather  than  continuous  operation  as  in  Barnes’  and  Lauru’s  studies.  Trumbo 
and  Schneider  found  that  the  response  times  (reaction  plus  motion  time 
elapsed  until  pedal  was  15  degrees  depressed)  were  smallest  with  the  pedal 
hinged  at  the  rear,  and  largest  with  the  pedals  pivoted  at  the  front. 

Ensdorff  (1964)  investigated  pedals  hinged  at  the  heel,  under  the  ankle, 
under  the  areh,  and  under  the  ball  of  the  foot.  His  eight  subjects  (20  to  35 
years  old)  sat  on  a  chair,  their  thighs  horizontal,  their  shins  at  angles  of  90,  100, 
110,  120  degrees  with  the  pedal  surface  in  the  initial  position,  which  was 
30  degrees  over  horizontal.  Upon  a  light  stimulus,  the  subjects  depressed  the 
pedal  as  fast  as  possible  to  move  a  pointer  7*5  em  to  a  fixed  mark.  The  report 
does  not  clarify  the  actual  travel  of  the  pedal  or  the  force  required;  it  is  obvious, 
however,  that  four  different  resistance  levels  were  employed.  Ensdorff 
measured  reaction  time  (from  the  onset  of  stimulus  to  beginning  of  pedal 
motion),  travel  time  of  the  pedal,  and  deviation  of  the  pointer  from  the  goal 
mark.  He  found  that  the  reaction  time  was  longest  with  the  pedal  hinged  at 
the  rear.  Travel  time,  however,  was  shortest  with  the  same  rear-hinged  pedal 
and  increased  with  more  anterior  pivots.  The  accuracy  of  pointer  (pedal) 
motion  was  best  with  the  pivot  under  ankle  or  areh  of  the  foot. 

Trombley  (1966)  and  Ayoub  and  Trombley  (1967)  used  pedals  hinged  at  the 
rear  of  the  foot,  under  the  arch  and  in  two  intermediate  locations.  Fifteen  male 
subjects,  seated  in  a  dentist  chair,  had  to  depress  the  pedals  in  discrete  move¬ 
ments  as  fast  as  possible  to  a  fixed  stop.  The  stop  was  adjusted  to  require 
travels  of  12  degrees  or,  respectively,  of  |  in.  at  the  ball  of  the  foot.  In  the 
starting  position,  the  subject’s  thigh  was  horizontal,  the  knee  at  114  degrees, 
the  angles  between  tibia  and  pedal  were  78,  84,  90,  or  96  degrees.  The 
system  was  balanced  so  that  the  starting  position  could  be  maintained 
without  muscular  effort.  Work  of  8*4—34*2  in.  lb.  was  necessary  to  move  the 
pedals. 

Trombley’s  results  can  be  summarized  as  follows. 

Reaction  time  was  independent  of  the  location  of  the  pivot.  Reaction  time 
increased  with  increasing  resistance  of  the  pedal.  Reaction  time  was  shortest 
with  an  initial  angle  of  78  degrees  between  foot  and  pedal,  and  increased 
linearily  with  increasing  initial  angles.  These  findings  held  true  both  for 
constant  travel  distance  and  constant  travel  angle. 
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Travel  time  tlirou^h  a  eonstant  12  degrees  was  largest  with  the  rear-hinged 
p(Hhd  and  deereas(‘d  liuearily  with  more  forward  pivot  loeatioiis,  Ho^\•ever, 
the  time  eonsiiined  to  travel  a  eonstant  J  in.  at  the  ball  of  the  foot  A\'as  shortest 
with  the  rear-hinged  pedal  and  increased  when  the  pivot  was  located  more 
forward.  Travel  time  was  shortest  \\ith  the  smallest  pedal  resistanee  and 
inereased  with  larger  loads.  Travel  time  was  somewhat  irregularly  related 
with  the  ])edal- tibia  angle,  but  seemed  to  be  shortest  with  the  smaller  angles. 
Travel  through  the  eonstant  angle  of  12  degrees  was  faster  than  through  the 
eonstant  distanee  of  f  in.  at  the  ball. 

Konz  et  aL  (1908)  reported  on  experiments  with  an  automobile  pedal  eoni- 
bining  brake  and  accelerator  controls,  'J'his  penial  was  supported  by  two  shafts 
|)erpendieular  to  the  janlal  surface.  Pressing  down  the  front  part  (‘  aecelera- 
ting  ’)  moved  the  anterior  shaft  down,  the  pedal  then  pivoting  about  the  hinge 
attaching  it  to  the  ])ost(‘rior  shaft;  ])ressing  down  the  rear  end,  i,e.,  the  posterior 
shaft  (‘  braking  ’)  (‘aus(‘d  the  pedal  to  ])ivot  about  the  hinge  attaching  it  to  the 
anterior  .shaft,  Konz  and  eo-work(U’s  found  brake  aet nation  .starting  from  the 
de])re.ssed  accelerator  considerably  faster  with  this  dual  ])edal  than  with  the 
c()nv(Mitional  tw()-])edal  arrangement,  ^diis  laboratory  finding  was  eonhrmed  in 
actual  automobile  driving  tests. 

Konz  and  his  colleagues  then  modified  the  (V)mbinatiou  pedal  to  lind  out 
whether  the  pivot  hx'utions  affected  activation  time.  They  moved  the  brake 
and  ae(‘elerator  shaft  of  the  jiedal  independently  fore  and  aft.  In  this  expeu'i- 
ment,  the  interlocking  device  between  the  shafts  was  removed  so  both  shafts 
eould  be  pressed  down  simultaneously.  Three  female  and  1 1  male  subjects 
with  at  least  two  years  of  driving  experience,  av(M*ag(‘  age  23  years,  took  part 
in  the  ex])eriinents.  A  ‘  chair  with  normally  cushioned  .seat  and  back  ’  was  so 
adju.sted  that  th(>  distance  betwc'en  the  rear  end  of  the  pedal  and  tlic'  Seat 
Refeu’enee  Point  (X)rres])onded  to  ^0%  of  each  subject’s  height.  The  pcxlal  was 
incliiK'd  45  degrc'cs,  the  angle  between  tibia  and  ])edal  betvvc'cn  78  and  90 
degrees.  Sc'at  height  and  foi’ce  necessary  to  move  the  pedal  are  not  r(‘[)orted. 
4die  sid)j(H‘t  held  the'  front  part  of  the  pedal  down,  waiting  for  a  rc'd  light  to 
come  on.  Fpon  this  signal,  he  quickly  depressed  the  rcvir  part  of  the  pedal. 
The  time  from  on.set  of  tlu^  light  to  depivssing  the  rc^ar  end  of  the  ])edal  by  at 
least  iV,  i*'-  me ‘as  u  red. 

Xo  significant  interactions  between  pivot  Io(‘ations  and  brake  activation 
time's  were  found,  although  the  distances  from  the  rc'ar  edge^  of  the  ])edal  to 
the  brake  shaft  were  varied  from  0-5-2-5  in.  and  the  distanc-es  from  the  rear 
to  the  accelerator  .shaft  were  adjusted  from  5-9  in.* 

The  great  majority  of  ex])eriments  was  (‘ondueded  with  ])edals  similar  to 
tho.sc'  used  by  Harne.s  et  al.  (1942).  Yet,  there  arc  significant  diffei*enees 
among  the.se  studies  with  respect  to  basic  experimental  conditions.  Some 
important  experimental  ])aramet(‘rs  are  not  re])ort(‘d,  and  the  critcM'ia  a])plied 
are  not  the  same  throughout  (see  Figure  1  and  Table'  I).  Thus,  not  evc'n  for 
‘  pedals  pivoted  near  the  foot  ’,  is  a  general  statement  jmssible  as  to  what 
pedal  allows  the  faste.st  discrete  activation  or  the  highest  freejueney  in  re})etitive 
O])eration  under  certain  recpiirements  of  position,  resist  a  nc'e,  dis])lacement, 
aeenraey,  etc.  For  the  many  other  ])ossible  and  actually  used  pedal  designs 


Further  experiments  were  recently  reported  (Koiiz  ct  al.  1000). 
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and  modes  of  operation,  almost  no  information  is  available  from  the  open 
literature. 

2.2.  Forces  Applicable  to  Pedals 

Statie  forees  that  sitting  operators  ean  apply  to  pedals  have  been  measured 
by  a  number  of  researehers.  The  forees  were  exerted  with  one  leg  to  fixed 
pedals,  without  gross  relative  movement  of  the  pedal,  foot,  or  leg.  Results  of 
the  experiments  are  eompiled  in  Tables  2  through  5.  Figure  2  identifies  body 
posture  and  body  support  during  pedal  operation. 

Forees  applieable  to  aireraft  pedals  were  of  interest  40  years  ago.  Hertel 
(1930)  used  a  Junkers  aireraft  moekup  to  measure  the  leg  strength  of  11 
engineers  and  pilots.  As  shown  in  Table  2,  the  mean  forees  fell  from  220  kp* 


Figure  2.  Idontification  of  body  posture  and  body  support  during  pedal  o|K?ration. 


Table  2.  ]Maximal  static  leg  thrust  exerted  by  seated  males  on  aircraft-type  pedals 


Test  Conditions  (See  Figure  2) 

Force 

Subjects 

(author) 

Tyi>e  of  Typo  of  y  D  H 

pedal  scat  degrees  degrees  cm  cm 

Means. 14. 

kp  kp  Remarks 

Junkers  Ju  35  cockpit  —  —  —  ~ 

220  20  Subjects 

fresh 

07  7  Subjects 

fatigued 

1 1  pilots  and 

engineers 

(Hertel 

1930) 

Cockpit  mock-up  —  —  89—15 

—  _  84  -30 

190  —  Horizontal 

159  —  force 

2  pilots 
(Gough  and 
Hoard  1936) 

B-24  aircraft  cockpit  111  +  5  120  +  5  —  — 

257  appx.  — 

45 

5 1 5  student 
pilots 

{VAYyel  1949) 

♦  Kilopond  kp,  formerly  kilogram- force  kgf. 
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to  about  70  kp  when  the  subjects  were  fatigued  after  sustained  force  exertion. 
Gough  and  Beard  (1936)  showed  that  the  mean  force  decreased  from  190-159  kp 
when  the  pedal  was  lowered  from  15-30  cm  below  seat  level.  Elbcl  (1949) 
measured  average  forces  of  almost  260  kp  at  B-24  aircraft  pedals,  when  the 
knee  angle  of  his  subjects  was  about  111  degrees  and  the  angle  between  the 
lower  leg  and  the  pedal  about  1 20  degrees.  However,  Cra\vford  ( 1 953)  reported 


Table  3.  Maximal  static  leg  thrust  exerted  by  seated  subjects  on  pivoted  pedals 


Test  conditions  (See  Figure  2) 

Force 

Type  of 

Tj^^l^e  of 

a 

y 

D 

H 

^lean 

Subjects 

pedal 

soat 

degrees 

degrees 

dcgroi?s 

cm 

cm 

kp 

Biix* * * §ctioii 

(authors) 

Pivoted 

U  =  14  cm 

Betw<'en  130-17)0 

90 

_ 

Between 

Appx. 

5®  to  15^ 

1  man 

near  tho 

r  =  1 2  cm 

—  10  and 

+  1  Oand 

200 

l)elow 

instep 
approx  i- 

t,  ^  =  0* 

+  24 

-10 

appx. 

horizoin.al 

2  woinon 

mately  in 
line  with  tho 
axis  of  tho 

154 

(Muller,  1936) 

back  rest 

-  6 

94 

90 

— 

— 

33 

Aj)proxi- 

6  ’  power¬ 

tibia;  largo 

enough  to 

supports 

-If) 

149 

90 

— 

— 

103 

inately  in 

fully  built 

accom- 

pelvi.s  and 

-10 

162 

90 

— 

— 

175 

tho  line 

men  * 

modate  tho 

back. 

-10 

165 

90 

— 

— 

157 

from  the 

( Hugh-Jonoes 

entire  foot 

f  Of 

-  9 

167 

90 

— 

— 

114 

hip  joint  to 
tho  controof 

1947) 

8 

93 

90 

— 

— 

40 

the  i>edal 

10 

136 

90 

— 

— 

123 

5 

164 

90 

— 

— 

254 

19 

67 

90 

_ 

_ 

41 

16 

129 

90 

— . 

— 

145 

ir> 

160 

‘10 

— . 

— . 

384 

15 

160 

90 

— 

— 

(314)t 

15 

160 

90 

— 

— 

(313)J 

ir> 

169 

90 

-- 

— 

241 

36 

88 

90 

_ _ 

_ 

61 

33 

106 

90 

— 

— 

84 

34 

125 

90 

— 

— 

201 

48 

72 

90 

_ 

_ 

60 

49 

SI 

90 

— 

— 

59 

Pivoted 

H=  20 -29  cm 

15 

160 

— 

— 

13 

174 

Horizontal 

2(»  iin’U 

imdor  the 

r  =  12-7  cm 

0 

160 

— 

— 

-10 

145 

( ItcN's  and 

ball  of  tho 

e,  f  -0* 

( iniham. 

foot;  pushed 
with  tho  ball. 
Pedal 

12-7  cm  wide, 
6-4  cm  long 

lil."»2) 

Pivoto<l  near 

not 

— 

90 

84  +  5 

6±  15 

329 

Direction 

I  ()(>  t  ank 

the  shin§ 

described 

(median) 

of  force 

jM'r.^oniiel 

pushed  with 

]>arallcl  to 

( Mart  in  and 

ball  of  foot 

th('  lower 

.!  iihnson. 

I‘*«§ 

1952) 

•  Probably  O'’,  but  not  explicitly  stated  in  the  original  publication, 

t  32  drivers  of  tho  lioyal  Armoured  Corps, 

t  16  schoolboys,  ageil  14  to  18. 

§  Force  application  pushed  the  |x^dal  assembly  into  tho  diroetion  of  thrust. 
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that  the  pedal  assembly  of  a  taxying  aircraft  was  broken  by  the  pilot,  who 
obviously  had  applied  more  than  the  mere  220  kp  until  then  officially  specified 
as  the  maximal  design  load.  Crawford  cites  subsequent  tests  with  10  pilots 
showing  forces  up  to  445  kp  applied  to  aircraft  pedals. 

Forces  exertable  at  pivoted  |iedals  arc  compiled  in  Table  3.  Miillcr  (1936) 
was  the  first  and  apparently  the  only  researcher  to  publish  such  strength  data 
of  (two)  women  in  addition  to  data  of  (one)  man.  Miiller  found  considerable 
interindividual  strength  differences  between  his  subjects.  The  two  females 
were  much  weaker  than  his  male  subject.  Regardless  of  the  absolute  scores, 
each  subject  could  exert  his  individual  maximal  force  when  the  pedal  was  in 
front  of  the  hip  joint,  at  about  seat  height,  and  so  far  away  that  the  knee  had 
to  be  straightened  to  about  130  to  150  degrees  to  reach  the  pedal.  The  force 
Avas  diminished  if  the  seat  had  no  backrest,  or  if  the  pedal  was  moved  forward, 
backward,  or  laterally,  or  lowered  from  its  position  in  front  of  the  hip  joint. 
Muller’s  colleagues,  Dupuis  et  al.  (1955),  Lehmann  (1958),  Coermann  and 
Kroenier  (1968)  gave  some  additional  details  of  Muller’s  experimental  results, 
not  explicitly  stated  in  his  original  publication,  Muller  found  that  the 
maximal  force  could  be  transmitted  to  the  pedal  with  the  instep  of  the  foot  over 
the  pedal  axis,  and  that  there  are  no  gross  strength  differences  between  the 
right  and  left  leg. 

Hugh-Jones  (1947)  also  used  a  pedal  pivoted  near  the  instep,  a])proxiniately 
in  line  with  the  axis  of  the  tibia.  He  found  that  his  subjects  (six  ‘  powerfully 
built  men  ’)  could  exert  largest  forces  on  the  pedal  when  the  knee  angle  was  at 
about  160  to  170  degrees,  i.e.  at  larger  angles  than  Miiller  had  found  to  allow 
the  strongest  thrust.  As  in  Muller’s  experiments,  the  largest  force  could  be 
exerted  when  the  pedal  was  located  in  front  of  the  hip  joint.  In  this  position, 
Hugh-Jones  observed  no  gross  differences  in  the  mean  forces  of  32  drivers  of 
the  Royal  ArmoTired  Corps  and  of  16  London  schoolboys,  aged  14-18  years 
whom  he  used  as  subjects  in  addition  to  his  original  six.  Hugh-Jones’  data 
show  that  seemingly  small  changes  in  knee  or  hip  angle  may  bring  about  rather 
large  changes  in  the  forces  applicable  to  the  pedal. 

Rees  and  Graham  (1952)  had  their  pedal  pivoted  under  the  ball  at  the  foot; 
from  the  drawing  in  their  report,  it  seems  as  if  the  axis  of  rotation  was  about 
2*5  cm  beloA\'  the  surface  of  the  pedal.  'Jhventy  men  pushed  at  the  pedal  with 
the  ball  of  the  foot.  Rees  and  Graham  stated  that  the  position  of  the  backrest 
of  the  seat  is  an  important  factor  with  regard  to  the  force  that  can  be  exerted. 
The  Avay  reaction  force  is  provided  to  the  subject  determines  the  force  he  can 
actively  exert;  the  amount  of  force  he  can  exert  actively  is  limited  to  the 
amount  of  reaction  force  available  to  him.  Rees  and  Graham  showed  again 
how  the  force  applicable  to  the  pedal  is  diminished  when  the  pedal  is  lowered 
from  the  height  of  the  hip  joint  to  a  location  well  beloAV  the  seat  height. 

]\Iartin  and  Johnson  (1952)  also  used  a  pivoted  pedal.  Its  axis  of  rotation, 
however,  was  not  near  the  pedal  surface  but  close  to  the  subject’s  shin.  This 
meant  that  the  pedal  swung  into  the  line  of  thrust  but  also  that  the  axis 
‘  interfered  Avith  the  subject’s  leg  aa  hen  small  horizontal  distances  (betAv^een 
the  pedal  and  the  junction  of  seat  pan  and  backrest)  A\"ere  used.  As  a  con¬ 
sequence,  horizontal  distances  less  than  29  in.  could  not  be  tested  ’.  The 
subjects,  166  members  of  a  tank  battalion,  pushed  with  the  ball  of  the  foot. 
Martin  and  Johnson  found  that  their  subjects  could  exert  largest  forces  when 
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Table  4.  Maximal  static  lo^;  thrust  oxcrtc<l  by  seated  males  on  a  fixed  pedal 


Test  conditions  (Set^  Figure  2) 

Force 

Subjects 

(author) 

Typo  of 
jK*dal 

Ty|K'  of 
seat 

D  %  of 
y  total  leg 

degrec.s  ix*ach 

H 

cm 

Mean 

kp 

S.D. 

kp 

Direction 

Fixed  pedal. 

Xi  18  cm 

90 

95 

;io 

139 

32 

Approximately 

(>0  men 

pushed  with 

r  50  cm 

90 

85 

30 

105 

30 

in  lino  from 

(Rohmert 

ball  of  foot 

£  20^ 

hip  joint  to 

1900) 

C-  r 

90 

95 

10 

13S 

30 

the  ankle 

(Akerbloin) 

90 

So 

10 

123 

30 

90 

95 

—  .5 

143 

31 

90 

85 

—  .5 

129 

30 

90 

95 

-20 

135 

29 

90 

So 

-20 

1 15 

32 

90 

9.5 

-35 

107 

24 

90 

So 

-35 

107 

30 

the  pedal  was  at  api'troxiinatcly  the  height  of  the  hip  joint,  and  at  the  rather 
short  distance  of  only  80-1)0  cm  in  front  of  the  junction  of  scat  i^an  and  backrest. 
'J'hus,  with  this  pedal  arrangement,  highest  forces  could  be  applied  with  legs 
flexed. 

Rohmert  ( I  OfiO)  moasured  the  forces  that  (50  men*  could  exert  on  a  fixed  ])edal 
with  the  ball  of  the  foot  (see  Table  4).  The  results  show  onee  more  the 
decrease  in  exertable  force  when  the  ])edal  is  arranged  so  close  to  the  subject 
that  the  knee  must  be  bent  severely  as  comiiared  to  the  force  exertable  with 
the  leg  about  straight,  and  horizontal.  I'licre  are  some  discreiianeies  in  the 
magnitude  of  force  between  the  data  rei)orted  by  Rohmert  and  the  forces 
measured  on  i)i voted  pedals  (Table  3):  it  is  not  clear  whether  the  differences 
stem  mainly  from  the  ns('  of  different  ])edals,  or  of  different  subject  populations, 
or  from  other  ex])erimental  ])ai*ainetei*s. 

I^e  (h'os  Clark  and  W  eddell  (11)44)  m(*asure(l  the  force  api)lied  to  pedals  at 
the  instant  when  their  sul)jects  moved  theii*  eye  balls  (‘  throw-off’  ’  point),  'fheir 
data  are  not  directly  eom]a\rable  to  any  other  l)ut  indicate  that  force  exertion  is 
facilitated  b}^  large  knee  angles. 

Caldwell  (llKiO)  assessed  the  (‘f[e(*ts  of  the  location  of  the  pc'dal  on  the  force 
that  could  be  ])nlled  horizontally  on  a  haiulgrip.  In  this  study,  the  i>edal 
(footrest)  V  as  used  to  ])rovid('  the  sitting  subject  with  the  reaction  force  neces¬ 
sary  for  his  hand  pull.  Caldwell  state.s  that  ‘  the  strength  of  the  hand  ])iill  is 
gi'eatest  when  the  legs  ai*e  in  the  i)osition  at  which  they  can  exert  the  greatest 
force  against  the  foot-rest  \  i.e.,  when  the  thigh  is  slightly  elevated  and  the  knee 
angle  large,  or,  in  other  words,  when  the  footiest  is  at  about  seat  level. 

Tables  2,  3,  and  4,  give  the  forces  exerted  in  static  thrust  of  the  total  leg, 
accomplished  mainly  by  attempted  changes  in  the  knee  and  hi])  angles;  Table  5, 
however,  ])resents  the  force  data  of  exjieriments  in  which  the  subjects  exerted 
static  force  in  attem])ted  rotation  of  the  foot  about  the  ankle  joint.  (The 
data  are  ba.sed  on  Ifertzberg’s  experiments  described  in  1960.)  Predictably, 
these  rotational  forces  are  much  lower  than  the  forces  exertable  in  total  leg 


Rohmort  and  Jenik  published  in  11)71  corresponding  data  for  women. 
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Tablo  5.  Maximal  static  foot  forces  exerted  by  seated  raalos  on  an  aircraft  brake  pedal  by 
attempted  rotation  of  the  foot  about  the  anklo 


Test  conditions  (See  Figure 

2) 

Force* 

Direction 

(dogreos 

Subjects 

(author) 

Type  of 

Typo  of 

1) 

H 

Mean 

S.D. 

below 

pedal 

scat 

degrees 

cm 

cm 

kp 

kp  horizontal) 

F-80 

Hard 

8.5 

93  ±3 

-9 

45 

19 

5 

100  USAF 

aircraft 

surfaocxl 

80 

93  ±  3 

-9 

50 

26 

10 

pilots 

podal; 

plyA^ood 

75 

93  ±3 

-9 

56 

28 

15 

(Hortzljerg, 

axis  of 

mockup  of 

Anthropology 

rotation 

a  standard 

70 

93  ±  3 

-9 

60 

30 

20 

Branch, 

under 

aircraft 

65 

93  ±3 

-9 

62 

31 

25 

Aoroapaco 

the  heel 

soat 

60 

93  ±3 

-9 

64 

30 

30 

Medical 

Research 

,55 

93  ±3 

-9 

58 

27 

35 

Laboratory, 

50 

93  ±3 

-9 

52 

25 

40 

Wright - 

45 

93  ±3 

-9 

49 

23 

45 

Patterson 
AFB,  Ohio, 

40 

93±3 

-9 

41 

19 

50 

unpublished 

35 

93  ±3 

-9 

35 

17 

55 

data) 

*  Exorted  perpendicular  to  tho  i>odal  with  tho  ball  of  tho  foot  in  attempted  plantar  flexion 
of  tho  foot  about  tho  anklo.  Force  convertible  into  torque  around  pedal  axis  by  multiplication 
with  lever  arm  15*6  cm. 


thrust  caiid  depend  on  the  ])cdal  angle,  i.e.,  on  the  angle  between  the  lower  leg 
and  foot. 

It  is  quite  diffieult  to  interpi'et  and  eompare  the  published  data  on  forces 
applicable  to  pedals. 

First,  the  experimental  parameters  are  not  always  completely  described. 
What,  for  example,  were  the  design  and  the  arrangement  of  seat  and  pedal  in 
the  aircraft  experiments  listed  in  Table  5?  How  can  the  hip  and  knee  angles 
in  one  study  be  related  to  distance  and  height  adjustments  of  the  pedal  in 
another  study  if  the  anthropometric  data  of  the  subjects  are  not  given? 

Second,  the  instructions  to  the  subjects  are  often  not  reported.  Rees  and 
Graham  told  their  subject  ‘  to  increase  the  force  gradually  and  to  hold  his 
greatest  push  for  a  few  seconds  ^  Rohmert  says  the  muscle  contraction  lasted 
about  one  second.  How  did  the  subjects  in  other  studies  exert  their  strength? 
Did  they  get  an  immediate  feedback  of  the  attained  force?  Did  they  compete 
against  each  other,  as  in  Hugh -Jones’  experiments? 

Third,  it  is  generally  not  stated  what  score  or  index  the  experimenter 
selected  as  ‘  maximum  ’.  Was  it  an  instantaneous  peak  amplitude  of  the 
force  curve?  Was  it  a  ‘  mean  ’  force,  averaged  over  some  period  of  time? 
Was  it  an  average  of  several  trials? 

Kroemer  (1069  b)  and  Kroemer  and  Howard  (1060)  pointed  out  that  these 
and  other  experimental  conditions  may  greatly  affect  the  results  of  strength 
measurements.  There  are  certainly  more  questions  than  answers,  both  in 
methodology  and  in  number  of  researched  variables,  in  the  area  of  forces 
applicable  to  foot-operated  controls. 

2.3.  Perception  of  Leg  and  Foot  Positions  and  Motions 

Corlett  (1965)  tested  perception  of  passive  flexion  and  extension  of  the  foot 
about  the  ankle  joint  with  8  male  seated  subjects,  25  to  38  years  old.  They 
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placed  their  right  foot  on  a  pedal  '  j)ivoted  in  line  with  the  ankle  joint  The 
pedal  wa-8  rotated  by  a  mechanical  device.  Angular  accelerations  of  0-05-1  *34 
degree/s2  were  used,  8  for  flexion  and  9  for  extension. 

Corlett  found  recognition  of  joint  rotation  easier  with  large  than  with  small 
angular  accelerations.  At  low  accelerations,  joint  rotation  is  recognized  by 
means  of  displacement,  'inhere  seems  to  be  no  difference  in  recognition  between 
flexion  and  extension.  The  initial  foot  angle  does  not  affect  sensibility. 

Davies  (1966)  wanted  to  determine  the  '  cue  to  which  a  subjec-t  responds 
when  hi.s  limb  is  moved  pa.ssively  \  He  i)laced  the  forearm  and  the  foot  of 
6  subjects,  20  to  34  years  old,  on  a  pivoted  horizontal  platform  so  that  the 
elbow  joint  or  the  ankle  were  over  the  pivot.  The  platform  could  be  rotated 
with  initial  eircumferential  accelerations  ranging  from  150-900  mm/see^, 
measured  at  a  radius  of  39  in.  from  the  pivot.  The  subject  pressed  a  button 
with  his  left  hand  when  he  felt  the  platform  move.  Pressing  the  button  stopped 
devices  measuring  the  distance  travelled  and  the  time  elapsed  from  onset  of  the 
motion. 

Davies  re])ortcd  that  his  subjects  did  not  respond  to  si)eed  or  travelled 
distance,  but  to  acceleration.  ^lovements  from  the  ‘  mid  ])ositions  ’  (90  degrees 
angles)  of  the  foot  and  elbow,  and  in  downward  direction  (increasing  foot  or 
elbow  angle)  were  most  easily  pereeived. 

Lloyd  and  Caldwell  (1966)  investigated  the  accuracy  with  which  knee 
extension  and  flexion  can  be  j)erceived.  The  subject  lay  flat  on  his  back  on  a 
padded  table.  While  most  of  the  thigh  was  supported  by  the  table,  the  knee 
and  lower  leg  extended  over  the  edge.  Angle-measuring  devices  were  strapped 
to  each  leg.  'J'he  weight  of  the  instrument  and  of  the  lower  leg  was  counter- 
balan€‘ed.  Forty  male  subjects  either  had  to  place  the  lower  leg  to  selected 
angular  po.sitions  (active  positioning),  or  the  experimenter  placed  the  leg  in  a 
certain  i)osition  and  asked  the  subject  to  estimate  the  angle  (passive  i)osition- 
ing).  Tn  passive  i)ositioning,  the  subjects  generally  overestimated  the  knee 
angle  slightly.  In  active  positioning,  the  subjects  w'ere  fairly  aceurate  if  the 
knee  w^as  only  .slightly  bent,  but  underestimated  the  angle  if  the  knee  w^as 
distinctly  flexed. 

In  a  .snb.sec|uent  study  (Lloyd,  1968)  210  male  subjects  actively  positioned 
their  lower  legs  to  specified  angles  (10-degree  intervals)  between  full  knee 
extension  and  100-degree  flexion.  Six  different  levels  of  brake  force  at  the 
Rtra])])ing  device  were  u.sed.  Lloyd  states  that  ‘  in  view  of  j)revious  ex])eri- 
mental  findings,  the  results  were  not  as  .systematic  as  ])redicted  ’.  The  brake 
force  differentially  aft'ected  the  direction  of  positioning  error,  but  not  the  amount 
of  absolute  error:  again,  the  knee  angle  w'as  underestimated  with  distinct 
flexion,  but  overestimated  wdien  the  leg  w-as  almost  .straight. 

(’orlett  and  Megaw  (1967)  investigated  the  role  of  kinaesthetic  and  visual 
feedback  on  very  small  foot  motions.  Sixteen  sitting  subjects,  18  to  35  years 
old,  i)laeed  their  right  feet  on  a  pedal  i)i voted  ‘  under  the  ankle  joint  as  suggested 
by  Lauru  (1957)’.  The  torque  at  the  i)cdal  w'as  set  to  either  4,  13,  22,  or 
31  k])/cm.  The  amount  of  ])edal  motion,  achieved  by  iflantar  flexion,  was  dis¬ 
played  to  the  subject  on  an  oseilloseope  with  the  travel  amplified  by  factors 
of  J,  1,  4,  and  16.  1’he  task  w^as  to  ‘  make  minimal  voluntary  motions  ’  w  ith 
the  pedal. 
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Corlett  and  Megaw  found  that  under  each  of  the  experimental  eonditioiis, 
the  subjeets  ‘  tended  to  make  the  (required)  30  movements  in  approximately 
the  same  time  of  between  20  and  25  seeonds  \  Changing  the  torque  did  not 
significantly  affeet  the  mean  minimal  movement  of  about  0-2  degrees.  By 
inereasing  the  visual  gain  (amplifieation  faetor)  from  J  to  10,  the  subjeets  were 
able  to  reduee  the  mean  minimal  motion  to  about  0*1  degrees. 

Drury  (1967)  reported  on  exploratory  experiments  in  which  the  subjeet  was 
instrueted  to  make  '  the  smallest  movement  he  possibly  eould  In  the  first 
experiment,  0  male  subjeets  (24  to  20  years  old)  were  seabed  14  in.  higher  than 
the  level  of  the  pivot  of  a  rear-hinged  pedal.  The  pedal  was  at  an  angle  of 
45  degrees  with  the  horizontal.  Inertia  and  torque  of  the  pedal  were  ‘  at  three 
levels,  Low,  Medium  and  High  \  (It  seems  as  if  the  inertia  was  up  to 
1-5  kp  sec -/cm,  and  the  torque  between  10  and  100  kp^em.)  Upon  signals  by 
the  experimenter,  the  subjeet  made  15  diserete  toe-down  movements  under 
each  condition.  In  the  second  experiment,  with  18  male  subjeets  (19  to  35 
years  old),  the  operator  sat  so  that  his  thigh  was  horizontal  and  his  lower  leg 
vertical.  The  pedal,  pivoted  at  the  axis  of  the  ankle,  had  its  initial  positions 
at  15  degrees  above,  at  0  degrees,  and  at  15  degrees  below  horizontal.  In  each 
position,  the  subjeet  performed  50  self-paeed  toe-down  motions  against  a 
eonstant  torque  of  approximately  40  kp/em. 

Drury  eoncluded  that  the  subjeets  eould  voluntarily  perform  extremely  small 
motions,  which  were  certainly  not  exprc.ssions  of  the  involuntary  muscle 
tremor.  The  mean  amplitude  of  the  motions  was  about  0*8  degrees  in  the  first 
experiment,  and  about  0*2  degrees  in  the  .second  experiment.  Inertia,  torque, 
and  initial  ]:)o.sition  did  not  significantly  affect  the  amplitudc.s. 


2.4.  Transmission  of  Power  (hroiiqh  Rotary  Pedals 

Rotary  pedals,  widely  used  with  bicycles,  allow  the  operator  to  transmit 
large  amounts  of  energy  to  a  mechanical  system.  As  compiled  by  Wilkie  (1960), 
champion  athletes  can  put  out  approximately  1-2  h.p.  over  5  minutes,  about 
0*9  h.p.  over  10  minutes,  and  about  0*5  h.p.  for  100  minutes  or  longer.  These 
figures  indicate  that  (except  for  short  outbursts  of  energy)  rotary  pedals  are 
exceptionally  Avell  suited  for  transfer  of  human  energy.  Cycling  has  been 
found  le.ss  tiring  than  rotating  a  hand  crank  (Lehmann  1901,  1903;  Miller  1944) 
which  is  another  effective  method  of  transfering  large  amounts  of  human 
energy  to  a  mechanical  system. 

According  to  Gro.s.se-Lordeman  and  IMuller  (1930),  He.ss  and  Sensing  (1063), 
Karpovich  (1959),  Miiller  (1938,  1930),  and  ^Miiller  and  Grosse-Lordemann 
(1937),  the  following  arrangements  allow  the  least  tiring  transfer  of  energies: 
1  ±0-3  pedal  revolutions  per  second,  pedal  radius  18-22  cm  (the  larger  radius 
and  number  of  revolutions  for  output  of  very  large  amounts  of  energy).  The 
saddle  .should  be  above  and  behind  the  pedal  axis,  the  line  eonneeting  saddle 
and  axis  inclined  20  to  30  degrees  behind  vertical.  The  distance  between 
saddle  and  pedals  should  be  adjusted  so  that  the  subject,  keeping  his  trunk 
immobile,  must  fully  extend  his  legs  when  trying  to  place  his  heels  on  the  pedals 
in  the  furthest  positions.  Inertia  of  rotating  masses  should  be  large  enough  to 
maintain  their  rotatory  velocity  for  at  least  one  revolution  if  the  feet  are  lifted 
off  the  pedals.  Under  these  conditions,  Muller  (1907)  assumes  that  ‘  ordinary 
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hejilthy  individiiais  ’  could  transmit  up  to  6  inkp/s  (0-08  h.p.)  for  hours,  up  to 
10  inkp/s  (0-13  h.p.)  for  about  half  an  hour,  and  at  least  20  mkp/s  (0-26  h.p.) 
for  le.ss  than  two  minutes. 

2.5.  Selection  and  Arrangement  of  Pedals 

What  pedal  to  select  and  how  to  arrange  it  depends  mainly  on  the  task  to  be 
performed  and  on  the  anthroponietrie  data  of  the  operator.  If  very  large  static 
forces  are  to  be  exerted,  the  pedal  should  be  at  about  seat  height,  in  front  of  the 
seat,  and  at  such  a  distance  that  the  leg  is  almost  straight  when  the  foot  is 
placed  on  the  j)edal.  In  the  case  of  large  required  forces,  the  operator  must 
have  a  backre.st  to  lean  against;  his  thigh  should  be  horizontal  or  inclined  up 
to  30  degrees,  the  knee  angle  between  150  and  1G5  degrees,  the  angle  between 
tibia  and  foot  between  80  and  00  degrees. 

If  only  small  forces  are  required,  the  pedal  may  be  lowered;  force  then  may 
be  exerted  either  by  thrust  of  the  total  leg  or  by  rotation  of  the  foot  about  the 
ankle.  For  small  forces,  or  for  continuous  steering  tasks,  or  for  discrete 
activations,  the  thigh  still  should  be  horizontal  or  slightly  elevated,  but  the 
knee  angle  could  be  anywhere  between  about  90  and  150  degrees,  and  the 
foot  angle  90  to  120  degrees. 

Based  on  re.search  results,  theoretical  considerations,  and  on  ‘  common 
experience  recommendations  for  selection  and  arrangement  of  pedals  have 
been  published  by  Coermann  and  Krocmer  (19G8),  Damon  et  al.  (19GG),  Doraey 
and  McFarland  (19G3),  Dreyfuss  (19G0,  19GG,  19G7),  Dupuis  et  al.  (1955), 
Hindle  et  al.  (19G4),  Kirk  et  al.  (19G4),  Krocmer  (19GG,  19G7),  Kroemer  and 
Coermann  (19G5),  Lehmann  (1958),  ^IcCormiek  (19G4),  McFarland  (1963), 
Morgan  et  al.  (1963),  Rebiffe  (1966),  Schulte  (1952),  Wisner  and  Rebiff6 
(1963  a,  b)  and  Woodson  and  Conover  (1964). 

(Jeneral  recommendations,  however,  cannot  solve  all  problems.  Specific 
circumstances  may  require  unusual  pedals  or  special  arrangements.  Gough 
and  Beard  stated  as  early  as  1936  (p.  11):  ‘  Locations  of  the  controls  for  positions 
of  comfort  .  .  .  are  not  necessarily  ones  in  M’’hich  the  maximum  force  may  be 
applied  \ 

2.6.  Foot  versus  Hand  Operation  of  Controls 

Grether  (1946)  investigated  tracking  accuracy  with  aircraft  controls,  both 
hand-  and  foot-operated.  A  pointer  of  an  Autosyn  indicator  was  caused  to 
oscillate  irregularily.  Using  a  stick  or  a  wheel  control  (from  a  Link  Trainer) 
or  rudder  pedals  (from  a  F-47  aircraft),  subjects  had  to  try  to  hold  the  pointer 
on  a  fixed  mark.  The  stick  was  moved  with  the  preferred  hand  either  laterally 
(aileron)  or  fore  and  aft  (elevator).  The  wheel  was  grasped  with  both  hands 
and  either  rotated  (aileron)  or  moved  fore  and  aft  (elevator).  The  right  and 
l(Tt  rudder  ])edals  had  reciprocating  fore  and  aft  movements;  resting  the  heels 
on  the  lloor  wa.s  ]3erinitted.  Efficiency  (accuracy)  of  tracking  was  measured 
as  the  time  during  wliich  the  pointer  was  actually  kept  on  the  reference  mark. 

In  the  first  series  of  experiments,  the  maximal  control  travels  necessary  to 
keep  the  pointer  on  the  mark  were  4  in.  at  the  ])edals,  8  in.  at  the  stick,  8  in.  of 
fore  and  aft  motion  and  1 1  in.  rotation  at  the  \vheel.  During  5-minutc  trials, 
24  subjects  ])erformed  their  tasks  more  aceurately  \vith  the  hand-operated 
controls  than  with  the  rudder  pedals.  ‘  4Mme  on  target  ^  accomplished  with 


346 


K.  H,  E.  Kroemer 


the  pecl«als  averaged  52%  of  total  time.  This  is  statistically  significantly  less 
than  the  scores  of  from  55%  to  61%  achieved  with  stick  and  wheel. 

In  a  second  series  with  the  pedals  and  the  stick,  the  amount  of  travel  of 
both  controls  was  equalized  to  4  in.  Thirty-six  rated  pilots  performed  six 
2 -minute  tests  with  each  control.  The  ‘  on -target  time  ’  was  56%  for  the 
rudder  pedals,  60%  in  lateral  stick  motions,  and  68%  in  fore-aft  stick  motions. 

In  a  third  series  of  experiments,  only  rudder  pedals  were  used.  The  maximal 
travel  necessary  to  keep  the  pointer  on  target  was  again  4  in.  The  same 
36  rated  pilots  as  before  were  seated  with  knee  angles  of  cither  105,  120,  or 
135  degrees,  respectively.  Xo  differences  in  tracking  accuracy  (about  60% 
on -target  time  under  all  conditions)  were  found  to  be  connected  with  the  knee 
angles,  but  the  subjects  felt  that  120  degrees  were  most  comfortable. 

Box  and  Sell  (1958)  investigated  some  aspects  of  hand-  and  foot-operated 
master  controllers  of  cranes.  Their  report  does  not  contain  data  to  compare 
the  performances  achieved  with  each  type  of  control,  but  the  authors  recom¬ 
mend  that  a  pivoted  foot  controller  be  used  with  an  operating  torque  of 
30-60  in.  lb.  The  pivot  should  be  about  5  in.  forward  from  the  back  of  the 
pedal  and  not  more  than  1  in.  above  or  2  in.  below  the  pedal  surface. 

Jenkins  (1946  a,  b,  c)  reported  on  the  accuracy  achieved  in  applying 
static  forces  to  rigid  aircraft  controls,  i.e.  sticks,  wheels,  and  rudder  pedals, 
respectively.  Twenty  subjects  had  to  apply  forces  of,  respectively,  1,  5,  10, 
20,  30,  40,  and  60  lb  as  accurately  as  possible  to  the  controls.  Recorded  was 
the  deviation  of  the  amount  of  force  actually  applied  from  the  force  required. 
Generally,  too  much  force  was  applied  if  small  force  was  required,  and  too  little 
was  exerted  if  large  force  was  requested;  to  the  wheel,  however,  too  much  force 
was  exerted  at  all  levels.  ‘  Consistency  ’  of  force  application  was  expressed  in 
terms  of  the  standard  deviation  of  the  force  exerted  divided  by  the  force  level 
required.  Consistency  was  least  at  the  small  force  levels  and  best  at  the 
higher  force  levels. 

The  rudder  pedals  were  ‘  worked  from  the  ankle  ’  with  the  heels  resting  on 
the  floor.  Jenkins  found  that  the  ‘  relative  accuracy  of  performance  with  the 
feet  was  approximately  the  same  as  .  .  .  with  the  hands,  but  that  differences  in 
the  apparatus  may  be  related  to  this  finding  ’. 

Human  engineering  handbooks  usually  contain  judgements  to  the  effect  that 
foot  operation  of  controls  is  more  forceful  but  less  rapid  and  exact  than  hand 
operation.  These  judgements  generally  seem  to  be  based  more  on  ‘  common  ’ 
experience  than  on  experimental  findings. 

2.7.  Summary  of  the  Literature  Review 

As  compared  to  the  many  investigations  on  the  capabilities  of  performing 
tasks  with  the  hand,  surprisingly  few  research  results  have  been  published  about 
the  possibilities  of  using  the  feet.  Even  the  most  often  investigated  tasks, 
the  speed  of  operation  of  hinged  pedals,  and  the  forces  applicable  to  pedals, 
were  studied  under  such  different  experimental  conditions  that  there  is  no 
generalized  statement  possible  that  would  indicate  what  pedals  can  be  operated 
most  rapidly  or  what  forces  can  be  applied  to  pedals. 

While  the  hands  of  an  operator  may  be  overburdened  wth  control  tasks,  his 
feet  are  often  idle  or  perform  only  rather  simple  tasks.  This  is  in  accordance 
with  the  general  tenor  of  human  engineering  handbooks  that  the  feet  are 
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stronger  but  slower  and  less  accurate  in  control  o})eratk)n  than  the  hands. 
(Damon  et  al.  1900,  Kroemer  1907,  McCormick  1904,  Morgan  et  al.  1903, 
Woodson  and  Conover  1904).  Unfortunately,  such  a  belief  is  neither 
sufTiciently  supported  nor  discredited  by  experimental  results:  there  is  simply 
not  much  information  available. 

3.  Experiments  Conducted 

3.1.  Purpose 

Experiments  were  conducted  to  gain  information  on  the  travel  time  and  on 
the  accuracy  of  discrete  motions  of  the  right  foot.  The  investigated  motions 
wer(^  performed  by  seated  subjects  (a)  in  sagittal  direction  (fore-aft)  by  altering 
the  knee  angle  between  90  and  150  degrees  in  15-degrec  increments,  or  (6)  in 
lateral  direction  (left-right)  by  tilting  the  lower  leg  15  degrees  to  either  side 
of  a  vertical  plane  at  each  knee  angle.  These  motions  were  accomplished  by 
moving  the  foot  between  targets  arranged  (a)  in  sagittal  columns  of  three, 
or  {b)  in  lateral  rows  of  three,  with  a  distance  of  15  cm  between  target  centres. 

These  experiments  are  part  of  a  planned  series  of  investigations  on  motions 
of  the  foot,  of  the  lower  leg,  and  of  the  thigh. 

3.2.  Subjects 

Twenty  male  students  took  part  voluntarily  and  were  paid  by  the  hour. 
No  attempts  were  made  to  select  certain  persons  except  to  exclude  those  having 
an  impairment  hindering  the  execution  of  foot  motions;  those  with  extremely 
large  or  small  legs;  those  not  ^villing  to  participate  in  at  least  ten  sessions  each. 
'^J^able  6  gives  the  anthropometric  data  of  the  subjects. 


Table  6.  Anthrepoinetric  data  of  the  20  male  subjects 
Dimensions  taken  as  described  in  Kroomor  (1909  a) 


Subject  standing 

Mean 

S.I). 

Weight 

73-7  kg 

9-9  kg 

St4itum 

1 76*6  era 

6*6  cm 

drip  strength 

52-7  kp 

8-4  kp 

Acromial  height,  right 

144  0  cm 

0  0  cm 

Tibiale  height,  right 

48-9  cm 

2*4  cm 

Upper  thigh  circuinferonoo,  right 

55  0  cm 

3-9  cm 

Lower  thigh  circumforenco,  right 

40-6  cm 

3*2  cm 

Calf  circumferonco,  right 

30-5  cm 

2-4  cm 

Subject  sitting 

Femoral  breadth,  right 

9-4  cm 

0-  5  cm 

Sitting  height 

92*3  cm 

3' 5  cm 

Knee  height,  right 

50-5  cm 

2-9  cm 

lluttock-kneo  length 

61-0  cm 

3T  cm 

Subject  standing 

Skinfolds:  Triceps 

15*1  mm 

4-3  mm 

Juxta-iiipplc 

13-3  ram 

5*1  mm 

Subscapular 

14  0  mm 

3*4  ram 

Shoo  size 

9  9 

1  *5 

/\go 

21*3  years 

2*1  years 

3.3.  Experwmital  Apparatus 
3.3.1.  Experimental  sandal 

A  sole  of  a  standard  size  9i  shoe  was  cut  from  0-4  cm  fibreboard  (see  Figure  3). 
This  sole  could  be  attached  to  the  unshod  right  foot  of  the  subject  with  straps 
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Figure  3.  Experimental  sandal:  Partial  sole  made  of  0*4  cm  fibreboard.  The  sketch  (on  a 
1  cm  X  1  cm  grid)  shows  the  location  of  the  brass  spike  (protruding  2  cm  downward, 
diameter  at  the  end  0-5  cm)  and  of  slots  for  straps  to  attach  tho  sandal  to  the  subject’s  foot. 

and  velero  fasteners.  A  conical  brass  spike  protruded  do^vnward  2  em  under 
the  ball  of  the  sole.  Its  blunted  end  had  a  diameter  of  0*5  em.  The  sandal 
assembly  weighed  approximately  120  gr. 

3.3.2.  Targets 

Three  targets  resembling  ‘  bull’s  eye  ’  targets  of  shooting  contests  were  used. 
Circular  brass  plates,  6  em  in  diameter  and  0*2  em  thick,  were  mounted  on 


Figure  4.  Experimontal  target,  divided  into  a  centre  segment  and  a  four*part  outer  ring. 


Foot  0  per  (if  ion  of  (Umfrols 
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fibrohoard  (see  Figure  4).  F]aeh  plate  was  divided  in  a  eireular  eentre  j)ieee 
(‘  2  ein  ilianieter)  and  in  a  surrounding  ring,  sulxlivided  into  (juarters. 

The  gap  between  the  segments  was  2  mm  wide.  Regardless  of  the  loeation  of 
the*  targets  during  the  e.Kperimeiits,  the  din'etional  orientation  of  the  targets 
Avas  always  the  same:  the  Bottom  Left  and  Bottom  Right  ('  BL  ’  and  *  BK  *) 
segments  were  closest  to  the  subject,  the  Top  Left  and  Top  Right  (‘  TL  '  and 
'  TR  ’)  sc'gmeiits  farthest  from  the  sul)jeet. 

3.3.3.  Taiyet  arranijeiiienfs 

'fhe  targets  were  arranged  at  the  reach  envelope  of  the  subject's  right  foot- 
on  a  j)artial  sphere,  built  of  plywood  around  the  knee  joint  ‘  K  '.  Figure  5  is  a 


T).  'I'otal  v*io\v  of  tho  appamtiis. 


Figuro  0.  Oinioiision.'^  nf  the  partial  .sphere  aroiiiKl  the  kiuM*  joint  (K). 
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photograph  of  the  experimental  equipment,  the  sketch  in  Figure  6  gives  the 
main  dimensions. 

Since  the  subject  had  to  move  only  his  right  foot  and  lower  leg,  a  constant 
location  of  the  right  knee  joint  was  assumed.  The  reference  point  for  the 
design  of  the  partial  sphere  was  the  point  of  the  sandal  spike  when  the  foot 
was  at  a  right  angle  to  the  lower  leg,  the  lower  leg  at  a  right  angle  to  the  thigh, 
and  the  thigh  horizontal.  With  a  nominal  57-5  em  radius  vector  from  the  knee 
joint  to  the  spike,  a  1 -degree  change  in  the  knee  angle  corresponded  to  1  em 
spike  travel. 

From  the  reference  point  below  the  subject’s  knee,  the  radius  vector  was 
tilted  forward  in  steps  of  15  degrees,  its  pointer  marking  positions  15  cm 
apart.  Each  of  these  positions  represented  a  target  location.  The  highest, 
most  forward,  position  in  the  column  of  five  target  positions  was  with  the  lower 
leg  60  degrees  in  front  of  vertical.  Parallel  to  this  column  of  five  target  loca¬ 
tions,  similar  columns  were  located  15  cm  to  the  left  and  to  the  right  of  the 
centre  column.  With  snap  fasteners,  a  target  could  be  placed  at  each  of  these 
positions,  so  that  the  centres  of  adjacent  targets  were  15  cm  (15  degrees)  apart 
laterally  or  sagitally. 

Figure  7  identifies  the  target  arrangements  and  explains  the  nomenclature. 


E 

D 


2A  2B  2C 


The  letters  A  through  E  denote  the  lateral  rows.  The  horizontal  row  A  is 
beneath  the  subject’s  knee;  row  B  is  more  forward  and  tilted  15  degrees  towards 
the  subject;  row  C  is  the  centre  row,  tilted  30  degrees;  row  1)  is  tilted  45  degrees; 
row  E  is  the  most  forward  and  the  highest,  tilted  60  degrees  against  horizontal. 

The  numbers  1,  2,  and  3  denote  the  sagittal  columns,  numbered  from  the 
left  to  the  right.  The  middle  column  (2)  was  always  in  the  subject’s  sagittal 
plane  through  his  right  shoulder. 
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The  three  targets  were  either  arranged  in  the  lateral  rows  A-E  (upper 
]iart  of  Figure  7)  or  in  the  middle  eohnnn  2  (eciitrc  and  lower  parts  of  Figure  7). 
By  simple  eombiiiations  of  the  letters  and  numbers,  the  target  arrangenicnts 
and  even  the  motions  betw  een  targets  ean  be  identified  easily  b^^  three  symbols. 
Thv  first  s\'nibol  indicates  whether  the  targets  are  in  rows  (letter)  or  in  the 
eentre  eohimn  (number  2).  The  second  sjnnbol  identifies  the  start  target, 
the  third  the  goal  target.  For  example: 

‘  E  2  3  ^  Targets  arranged  in  the  highest  row  (E),  motion  from  the  middle 
target  (2)  to  the  right  target  (3). 

‘2  E  1)  h  Targets  arranged  in  the  upper  part  of  the  eentre  eohimn, 
motion  from  the  highest  target  to  the  seeoiid  highest. 


3.3.4.  Recording  equipment 

4'he  brass  spike  on  the  subjeeFs  sandal  and  the  brass  targets  served  as 
switches  in  an  eleetrie  eireuit  used  to  measure  time  and  aeeuraey  of  the  foot 
motions. 

Motion  time.  J^ifting  the  foot  off  a  target  (o])ening  the  eireuit)  started  an 
electronic  time  measuring  device  (Beckman  Universal  Timer).  Placing  the 
spike  on  nny  target  (closing  the  t‘ireuit)  stopped  the  timer.  In  this  manner, 
the  time  elapsing  during  the  travel  of  the  foot  from  one  target  to  another  was 
measured  in  UlOOO  see.  The  ex})erimenter  recorded  this  time  on  a  data  sheet. 

Motion  accuracy.  Each  of  the  five  segments  of  the  targets  was  eleetrieally 
eonneeted  to  a  separate  light  bulb.  These  light  bulbs  were  arranged  on  a  ])anel 
in  the  same  manner  as  the  segments.  A  lighted  bulb  signalled  that  the 
corresponding  segment  of  a  sjieeific  target  A\  as  touched  by  the  spike.  In  this 
manner  subject  and  experimenter  could  sec  from  ^\hieh  segment  of  a  target  a 
motion  started  and  which  segment  Avas  hit  on  the  goal  target.  Using  a  simple 
combination  of  letters  (see  Table  7),  the  experimenter  marked  on  a  data  sheet 
which  part  of  the  goal  target  was  hit  first  by  every  motion. 

3.3.5.  Chair 

A  chair,  adjustable  in  height  as  well  as  fore  and  aft,  was  attached  to  the 
plywood  sphere.  Seat  pan  and  baekrest  were  of  polished  wood,  unpadded  to 
give  very  little  frictional  resistance  to  the  subject’s  motions.  43ie  seat  pan 
was  33  cm  long  and  42  em  wide.  The  baekrest  was  14  cm  high  and  31  em  wide, 
its  lower  edge  about  20  (un  over  the  .seat  })an.  The  baekrest  Avas  about  110 
degrees  inclined  from  the  horizontal  seat  pan. 

3.4.  Experimental  Design 

3.4.1.  A  ssign  m  e  n  t  of  ta  rget  a  rra  n  ge  men  ts 

Using  a  table  of  random  numbers,  the  exjierimenter  assigned  tAvo  of  the  Ha’c 
lateral  roAVs  of  three  taigets  (A  through  E,  see  Figure  (i)  to  owch  subject. 
However,  the  schedule  Avas  so  balanced  that  each  combination  of  two  of  the 
five  roAvs  Avas  assigned  to  tA\  o  of  the  total  20  subjects.  In  addition  to  the  tAVo 
lateral  roAVs  of  targets,  both  sagittal  columns  of  three  targets  Averc  allotted  to 
cv^cry  subject.  In  this  manner,  each  subject  Avas  equally  trained  in  lateral 
and  sagittal  foot  motions. 
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Table  7.  Symbol.s  used  to  cloycribe  the  position  of  the  foot  (spike)  on  a  target 
One  bulb  lit  (spike  touches  onlj^  ono  segment  of  the  goal  target): 


c 

Centro 

TL 

Top  Loft 

Tli 

Top  Right 

BL 

Bottom  Loft 

BH 

Bottom  Right 

Two  bulbs  lit  (spiko  briclgos  gap  betwwii  two  segments;  i.e.,  touches  both 
at  tho  same  time): 

segments 

CTL 

Centre — Top  Left 

CTK 

Contra — -Top  Right 

CBL 

Coiitix> — Bottom  Left 

CBB 

Centre — Bottom  Right 

T 

Top  (Top  Left — Top  Right) 

L 

Left  (Top  Left — Bottom  Left) 

K 

Right  (Top  Right  Bottom  Right) 

B 

Bottom  (Bottom  Left — ^Bottom  Riglit) 

Three  bulbs  lit  (spiko  bridges  gap  between  three  segments): 

CT 

Centre — Top 

CL 

Centre  Left 

CR 

Centre — Right 

CB 

Cen  t  ix?  — B  ot  to  i  n 

In  addition,  the  following  information  was  recorded: 

IVI 

Target  missed  {de  facto^  or  when  it  took  tho  subject  500  msec  or  more  to  move  to 
the  goal  target) 

T 

Target  touched  (when  tho  light  bulbs  fiiekcrod  but  the  exjx'rimonter 

could  not 

determine  the  exact  location,  or  when  it  took  the  subject  more  tlian  200  but  loss 
than  500  msec  to  move  to  tho  goal  t argot) 


?  Question  mark  (when  anything  irregular  or  not  oxprossible  tlxrougli  the  betters  given 

above  }iapi>ened) 


3.4.2.  Sequence  of  foot  motions  between  targets 

Using  a  table  of  random  numbers,  the  experimenter  established  for  every 
subject  the  target  from  which  the  foot  motion  was  to  start  and,  if  the  start 
target  was  the  middle  one,  to  which  of  the  adjacent  targets  the  first  motion 
should  be  directed.  From  there  on,  the  motions  were  automatically  sequenced 
to  the  next  target  or,  if  the  end  of  the  target  row  (or  column)  was  already 
reached,  the  order  was  reversed.  If,  for  example,  the  subject  had  to  perform 
on  a  target  row  all  possible  start  positions  and  motion  sequences  between 
targets  No.  1,  2,  and  3,  are  described  by: 

12,  23,  32,  21;  12^  ... 
or  23,  32,  21,  12;  23,  ... 
or  32,  21,  12,  23;  32,  ... 
or  21,  12,  23,  32;  21,  ...  . 

For  every  subject,  the  selected  initial  motion  was  maintained  during  all  his 
test  sessions. 

3.4.3.  Test  schedule 

In  every  test  session,  the  subject  performed  on  all  four  target  arrangements 
assigned  to  him,  i.e.  on  two  of  the  lateral  rows  of  targets  and  on  both  sagittal 
columns  of  targets.  The  presentation  sequence  of  these  arrangements  was 
random. 

As  exemplified  in  Table  8,  the  subject  first  performed  40  discrete  foot 
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motions.  After  resting  for  2  minutes,  he  performed  another  40  such  move¬ 
ments.  Thereafter  he  got  at  least  5  minutes  pause  which  he  M^ould  spend  at 
his  convenience.  During  this  recess,  the  experimenter  changed  the  arrange¬ 
ment  of  targets. 

'J"hc  complete  test  session,  80  foot  motions  each  on  four  target  arrangements, 
took  no  more  than  one  hour.  The  next  session  with  the  same  subjeet  was  held 
the  next  day  or  later. 

No  minimal  number  of  test  sessions  M'as  prescribed,  but  each  subject  per¬ 
formed  until  his  time  scores  under  the  same  experimental  conditions  stayed  on 
the  same  level.  1^his  state  was  reached  when  his  mean  scores  of  the  same 
motion  obtained  in  three  subsequent  sessions  differed  from  each  other  b}"  less 
than  10%  of  the  smallest  value:  the  mean  scores  used  were  calculated  from  the 
five  shortest  motion  times. 


Tahio  8,  Test  sclu'iliile  (Sample;  Subject  (58- 10) 
FIliST  nXPKRLMKNTAL  SESSION 


].l.  l.*ateral  target  row  ‘  A  Start  on  centre  target  (A2);  first  motion  to  the  right  (A23);  then 
return  to  the  eentn?  (A32);  from  there  to  the  left  (A2I);  return  to  centre  (A  12).  Do  ton  times. 
Rest  2  minutes.  Do  the  four  motions  in  the  same  secpienco  again  ten  tiine.s. 

In  abbreviated  notation:  A23 


Five  or  more  minutes  lest. 


].2.  Sagittal  target  column  ‘  2,  AIU  -  Start  on  centix*  target  (230;  motion  forward  (2lU’); 
th<»n  return  to  centre  (2033);  from  there  backward  (2lIA);  forward  to  .start  target  (2A30.  Do  ten 
times.  Ke.st  2  minutes.  Do  40  more  motions. 


Five  or  mort'  minutes  nvst. 


In  abbreviated  notation:  233C 


3.3.  T^ateral  target  row  *  B  Start  on  c<*ntre  target  (B2),  move  tirst  right  (3323),  then  return 
to  centre  (1332),  move  UTt  (3321),  ivtiirn  to  centre  (3312).  Do  this  ten  tiine.s.  3<est  2  minutes.  Do  40 
mon^  motions. 

In  abbreviated  notation:  1323 


Five  or  more  minute’s  mst. 


1.4.  Sagittal  target  coluinn  ’  2,  ('l)E  Start  on  eentro  target  (2D);  do  21)E,  then  2K3),  then  2DC, 
then  2CM).  Do  this  ten  times.  3Iest  2  minut«*s.  Do  40  more  motions. 

In  al)bn'viated  notation:  2DE 

End  of  tirst  session. 

In  the  following  se.ssion,  tliese  arrangements  aiv  presented  at  random; 


SECOND  EXPERIMENTAL  SESSION  I’HIIO)  EXPERIMENTAL  SESSION 


2.1. 

Sami’  as  3 .3:  1323. 

3.1. 

Same  as 

1.2:  213(\ 

2.2. 

Same  a.s  1.2:  213(\ 

3.2. 

Same  a.s 

1.1:  A23. 

2.3. 

Same  as  1.4;  23  )E. 

3.3. 

Same  a.s 

1.4:  21)E. 

2.4, 

Same  a.s  1.1:  A  23. 

3,4. 

Same  a.s 

1.3:  1323. 

Etc. 


3.4.4,  In  .s"/  /•  net  ion  s  gi  ve  n  to  th  e  s  u  h ject 

The  subject  was  instructed  to  sit  comfortably  but  straight,  his  thighs 
horizontal,  his  right  knee  over  the  lowest  target  position  in  the  centre  column 
(2 A  in  Figure  7).  This  column  was  to  be  in  a  sagittal  ])lane  through  his  right 
shoulder.  If  iieeessarv,  the  chair  was  adjusted  to  achieve  this  body  posture. 

The  subje(‘t  was  instructed  to  move  his  right  foot  as  rapidly  as  ]>o,ssible  from 
the  centic  of  the  start  target  to  the  ])rescribed  adjacent  target.  The  ex])cri- 
inenter  stressed  that  speed  of  this  motion  was  the  main  objective,  that  the 
subject  should  not  worry  about  the  aceuracy  of  such  motions.  The  experi¬ 
menter  pointed  out  that  achieving  time  scores  necessarily  required  that  the 
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target  be  hit,  and  that  training  for  speed  would  automatically  train  for  motion 
accuracy. 

Each  motion  was  to  start  from  the  centre  of  the  start  target.  Subject  and 
experimenter  simultaneously  controlled  this  by  observing  the  light  bulbs  on 
the  display  panel  in  front  of  the  subject.  The  subject  did  not  look  at  the 
targets  while  performing  the  experiments,  but  achieved  the  correct  positioning 
of  his  foot  by  observing  the  light  panel.  Located  adjacent  to  this  light  panel 
was  the  timer,  enabling  the  subject  to  observe  his  time  scores. 

The  subject  was  instructed  to  wait  for  an  audible  signal  before  starting  a 
foot  motion.  The  experimenter  gave  this  signal  when  he  had  recorded  the 
results  of  the  previous  test  on  a  data  sheet  and  was  ready  for  the  next  test. 
The  subject  could  then  perform  the  next  motion  at  his  eouveiiience,  but  did 
not  have  to  start  immediately. 

3.5.  Results 

Twenty  subjects  took  part,  on  the  average,  in  12  test  sessions  (mean  11*7; 
SI)  2*4).  The  following  results  are  based,  if  not  otherwise  stated,  on  the 
five  fastest  motions  executed  by  each  subject  under  each  experimental 
condition. 

3.5.1.  Learning 

Since  the  subjects  had  no  special  ‘  practice  sessions  the  process  of  learning 
the  foot  motions  is  reflected  in  the  recorded  data.  Figure  8  shows  the  mean 
( ±  1  standard  deviation)  travel  times  achieved  by  all  20  subjects  during  their 
three  first  sessions,  during  their  median  session,  and  during  their  three  last 

TRAVEL  TIME  i"  —c 


Figure  8.  Pcrforinanoo  during  the  ftrst  thrcM'  exix3rimental  sessions,  during  tho  median  session, 
and  during  the  last  three  oxix>rimontal  sessions.  Travel  time  in  milliseconds  (means  and 
standard  tloviations)  of  each  subject’s  five  fastest  trials  of  motion  2liC. 
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sessions  while  moving  the  lower  leg  15  degrees  forward  from  a  knee  angle  of 
105  degrees  to  1*20  degrees  (motion  2  BC).  The  mean  travel  times  decreased 
from  135  msec  in  the  first  trial  to  83  msec  in  the  last  trial.  A  cheek  of  the 
accuracy  recordings  did  not  indicate  any  systematic  change  in  the  segments 
first  hit  on  the  goal  target  during  the  course  of  experimental  sessions.  This 
motion  2  BC,  though  one  of  the  fastest,  is  typical  of  all  the  motions:  the  travel 
tim(\s  decreased  rather  steeply  in  the  lirst  few  test  sessions,  while  at  the  end  of 
the  experiments  the  travel  times  levelled  off.  However,  no  general  changes  in 
the  orientation  of  segments  first  hit,  or  in  the  number  of  eases  the  target  was 
missed,  occurred  in  the  course  of  test  sessions. 


3.5.2.  Shortest  motion  times 

Table  0  gives  the  means  and  standard  deviations  of  each  subject’s  five 
fastest  motions  under  (‘aeh  experimental  condition  during  his  la.st  three 
sessions.  The  mean  travel  times  la}’  between  83  and  110  msec.  To  test 
whether  the  diffcrcuiees  between  the  measured  times  are  statistically  significant, 
/-tests  (using  matched  pairs)  were  calculated.  With  type  1  error  probability 


Table!  a.  Travol  tiinos  (in  insiop)  targots:  mraii.s  and  stamlanl  doviat  ion.s 


Target 

arrange¬ 

ment 

Motion 

from/ 

to 

La.st 

Mraii 

ses.sion 

S.l). 

X* 

Stvniul  last  .session 

31<*nii  S.l).  X* 

Third  last  sessii 
^leaii  S.D. 

)ii 

X* 

Lat<‘ral  motions 

A  12 

mu-72 

lU-31 

8 

I03-!)7 

20-04 

S 

104-87 

1.5-3.5 

8 

21 

U.l-f).-) 

n)-33 

S 

!)!)-00 

12-17 

S 

!)2-00 

!)-<;i 

8 

23 

1I9SU 

2U-U.'> 

s 

104-52 

25-70 

8 

104-20 

l!)-4!) 

8 

.32 

U4-32 

IMM 

8 

102-25 

15-30 

8 

!)7-05 

14-8)) 

8 

r> 

12 

a2-U7 

S-3C 

S 

!)4-.30 

13-04 

.8 

91-00 

l))-7(i 

7 

21 

SU-47 

f)lU 

s 

!).5-40 

12-3!) 

8 

93-2(i 

)V-88 

7 

23 

{n-7U 

()-7(> 

s 

!0;  82 

12-!)0 

8 

!);!-83 

!)■!)!) 

7 

32 

Si>.4.5 

1U-U3 

s 

!)2-S0 

11-00 

S 

!)3-34 

10-8)1 

7 

(' 

12 

S.")-40 

s-us 

s 

!)2-30 

12-:!4 

8 

92-87 

19-20 

8 

21 

S4o0 

13-37 

s 

87-85 

S-30 

8 

80-32 

14-53 

8 

23 

Si>-12 

1)-2S 

s 

91-30 

11-14 

8 

87-45 

13-70 

8 

32 

sa-ii.*) 

10- oS 

s 

SO- 9.5 

0-:!0 

8 

85-07 

15-42 

8 

1) 

12 

UUiM 

U-O.*) 

8 

101-85 

1  1-14 

8 

97-30 

14))7 

8 

21 

US- 15 

15-02 

s 

103-4.5 

19-40 

8 

98-57 

l)>-28 

8 

23 

lUbSU 

10-00 

8 

109-85 

1.5-32 

S 

100-50 

17-50 

8 

32 

as:!.*) 

1.5-0!) 

8 

100-17 

1.8-10 

S 

!)7-97 

17-81 

8 

K 

12 

!)7S.-) 

1. 5-5.5 

S 

99-77 

18-50 

s 

102-70 

19-3.5 

8 

21 

!M>  2il 

20-00 

8 

97-12 

20-81 

8 

!)!)-.55 

23!)5 

8 

23 

U7-7r> 

19-00 

8 

‘)7-.57 

23-11 

8 

97-47 

2))-77 

S 

32 

'.»31)2 

20-00 

s 

98-00 

21-10 

8 

!).5-75 

21-28 

8 

Sagittal  motions 

2  AH 

S4  4U 

17-70 

20 

S7-90 

17-7!) 

20 

87-88 

14-.5r> 

2)) 

HA 

S3- 37 

15-01 

20 

88-72 

17-22 

20 

88'0!) 

18-.53 

20 

Hi* 

S3  3S 

10-42 

20 

87-93 

l()-42 

20 

8.5-72 

15-)>7 

2)) 

(’H 

Sr).U3 

12-70 

20 

8(>  03 

15-37 

20 

88' 02 

1))-51 

20 

•) 

Cl) 

S.")-.54 

17-44 

20 

80- (>9 

l(v04 

20 

S4-9() 

13-)>7 

20 

DV 

s‘)-r)2 

15-00 

20 

!)0-08 

i.5-(n 

20 

8!) -8.5 

1.5-45 

20 

1)K  : 

SS17 

lO-Si) 

20 

90-12 

1.5-45 

20 

80-37 

1.5-7)) 

2)) 

El) 

a3-5U 

n)-31 

20 

!)0-)*)3 

17-02 

20 

93-97 

13-90 

20 

*  XuiniMM*  nf  .subjects  ])arti(  ipatin[;. 
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of  5%  or  less,  the  results  arc:  (a)  within  the  lateral  motions:  null  hypothesis 
maintained;  (b)  within  the  sagittal  motions:  motion  2EI)  is  significantly 
different  from  all  the  others  except  2I)E;  (c)  between  the  sagittal  and  lateral 
motions:  the  two  forward  motions  2AB  and  2BC  are  significantly  different 
from  all  lateral  motions  on  row  D  (except  motion  D12)  and  on  row  E.  The 
lateral  motion  D23  is  significantly  different  from  the  sagittal  motions  2AB, 
2BA,  2BC,  2CB. 

3.5.3.  Accuracy  of  molio7is 

From  the  data  recorded  during  each  subject’s  five  fastest  motions  during 
the  last  three  test  sessions,  answers  to  the  following  (]iicstions  were  sought. 
Are  there  any  differences  between  certain  motions  in  the  frequency  of  hits 
on  the  centre  of  the  target,  hits  on  the  outer  ring  of  the  target,  and  hits  on  those 
segments  of  the  goal  target  closest  to  the  start  target,  ns  compared  to  hits  on 
the  opposite  side  of  the  goal  target  ? 

No  such  differences  were  found  either  within  the  lateral  motions,  or  within 
the  sagittal  motions,  or  between  the  lateral  and  sagittal  motions.  The  ring 
of  the  target  was  hit  about  eight  times  as  often  as  the  centre.  This  corresponds 
to  the  probability  of  randomly  hitting  either  the  surface  of  the  ring  (100  cni^) 
or  the  centre  (12-5  cm 2). 

The  same  questions  were  asked  in  comparing  the  data  recorded  for  each 
subject’s  five  fastest  motions  with  the  data  recorded  for  the  remaining  (slower) 
motions  during  his  last  three  test  sessions.  No  differences  in  motion  accuracy 
existed  between  the  faster  and  the  slower  movements. 

In  up  to  10%  of  all  trials,  the  subjects  did  not  hit  the  target  within  500  msec, 
which  was  counted  as  a  ‘  miss  ’.  The  frequency  of  missing  the  target  was  not 
related  to  location  or  direction  of  foot  motion. 


3.G.  Discussion  of  the  Results 

The  subjects  were  fully  aware  of  the  (obvious)  purpose  of  the  experiments 
and  could  freely  discuss  all  aspects  with  the  experimenter.  (During  the 
experiments,  however,  no  conversation,  smoking,  etc.,  was  allowed.)  The 
experimenter  took  care  to  be  neutral  in  the  discussion  of  the  experiments 
but  tried  to  dissipate  any  bias  of  the  subjects  as  to  which  experimental  con¬ 
ditions  were  faster,  more  comfortable,  etc. 

The  experiments  required  prolonged  concentration  on  a  rather  monotonous 
task.  If  necessary  the  experimenter  encouraged  the  subject  by  pointing  out 
progress  he  had  made.  Since  the  subject  had  immediate  feedback  from  the 
recording  equipment  on  his  s])ecd  and  accuracy  of  motion,  he  could  compete 
against  himself  by  trying  to  surpass  his  })revious  performance.  Competition 
against  other  subjects,  however,  did  not  take  place  since  the  experimenter  and 
the  subject  were  alone  in  the  laboratory  and  the  experimenter  did  not  give 
away  information  on  the  performance  of  other  subjects. 

All  subjects  could  perform  the  foot  motions  by  changing  the  knee  angle  in 
sagittal  motions  and  by  tilting  the  lower  leg  to  the  sides  in  the  lateral  motions. 
Although  the  subjects  lifted  their  feet  slightly  during  the  foot  travel  from  one 
target  to  the  adjacent,  the  knee  did  not  move  more  than  about  1  cm  laterally 
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or  vertically.  Thus,  the  assn  in  j)t  ion  of  a  rather  stationary  knee  joint  was 
verified. 

After  only  a  few  cautious  and  eluinsy  trials,  all  subjects  soon  won  confidence 
and  rapidly  acquired  sj)ee(l  and  accuracy  in  their  motions.  No  ‘  ])ractiee 
sessions  ’  were  held;  '  pi'ivate  training  ’  ^\as  not  discovered  and  would  have 
been  rather  difficult  without  access  to  the  experimental  equipment.  No 
consistent  differences  in  learning  were  obvious  between  locations  and  directions 
of  foot  motions. 

The  experiments  were  conducted  to  get  information  on  the  maximal  speed  of 
sjiecific  leg  and  foot  motions  and  to  learn  whether  the  time  eonsumcd  in  these 
motions  (and  their  accuracy)  depended  on  the  location  of  the  ])ath  and  the 
direction.  3'he  motion  times  are  not  normally  distrihuted,  but  cluster  at  the 
small  tiiiK'  values  and  taper  off  at  larger  times.  Idiis  is  at  least  })artly  due  to 
the  fact  that  it  takes  necessarily  a  minimum  time  to  accelei’ate,  move,  and 
decelerate  the  mass  of  leg  and  foot  on  the  other  side,  there  is  no  inherent 
limit  to  the  slowness  of  a  motion.  The  slower  motion  times  being  meaningless 
for  this  experiment,  each  subject’s  performance  was  measured  by  his  five 
fastest  motions  ])cr  test  session  and  condition.  This  j)rocedure  yields  a  reliable 
index  of  the  subject’s  eaj)aeity  to  move  the  masses  of  leg  and  foot  with  the 
necessary  accuracy  as  rapidly  as  possible. 

No  significant  differences  in  travel  time  were  found  among  lateral  nu[)tions. 
Among  the  sagittal  motions,  it  took  significantly  less  time  to  move  the  lower 
leg  fore  or  aft  bctwf'cn  knee  angles  of  90,  105,  and  1 20  degrees,  than  to  move  the 
leg  elevated  to  150  degrees  back  to  135  degrees.  In  eomj)aring  sagittal  with 
lateral  motions,  the  foi'ward  motion  of  the  vertical  or  almost  vertical  lower  leg 
(90  or  105  degrees)  j)roved  to  be  significantly  hister  than  lateral  motions  of  the 
lower  leg  at  150  degrees.  If  the  lateral  motions  w  ere  performeil  at  the  smaller 
knee  angle  of  135  degrees,  however,  their  S])eed  was  not  so  clearly  inferior  to 
the  forward  motion  of  the  more  vertical  leg.  At  small  knee  angles  (90,  105, 
120  degrees),  no  significant  differences  in  the  travel  times  were  observed 
between  sagittal  and  lateral  motions. 

In  general,  foivvard  motions  of  the  ap])roximat(dy  v(M*tical  lower  leg  were  a 
little  faster  than  lateral  motions  of  the  distinctly  elevated  leg.  Backward 
motions  of  the  elevated  low'er  leg  were  slightly  slow  er  than  fore  and  aft  motions 
of  the  approximately  vertical  lower  leg.  Anatomically,  sagittal  motions  of  the 
low^er  leg  comply  naturally  with  the  layout  of  the  knee  joint,  liateral  motions, 
how'cver,  cannot  be  effected  in  the  knee  joint,  but  the  thigh  has  to  be  rotated 
about  its  long  axis  at  the  hi])  joint.  Different  muscle  grou])s  and  mass  move¬ 
ments  arc  involved  in  the  sagittal  and  lateral  motions.  The  effects  of  gravita¬ 
tional  forces  ar(‘  also  somewdiat  different.  At  j)resent,  however,  no  further 
anatomical  and  nie(*hanical  explanations  foi*  the  differences  in  motion  times  are 
offered. 

No  differciK'es  at  all  (‘xisted  in  the  a(*curacy  of  motions,  that  is,  in  the  segments 
first  hit  on  the  goal  targets.  Fore-aft  motions  of  the  lower  leg  were  no  more 
accurate  than  movements  to  the  sides.  Motions  to  the  left  were  no  more 
accurate  than  to  the  right,  although  all  but  one  of  the  subjects  w’cre  auto¬ 
mobile  drivers.  Forward  motitias  were  neither  more  nor  less  accurate  than 
backward  mov(Mncnts.  Accuracy  w’as  not  affected  by  whether  the  foot  was 
moved  to  or  from  the  middle  of  the  three  targets. 


358 


K.  II.  E.  Kroemer 


The  results  cannot  easily  be  judged  against  other  data  si  nee  none  wore 
obtained  under  eoinparable  experimental  eonditions.  The  author,  however, 
was  surj^rised  by  the  speed  and  aeeuraey  of  the  foot  motions,  whieh  in  his 
opinion  are  eompetitive  to  some  hand  motions.  Systems  of  ‘  elementaiy 
motion  times  sueh  as  MTM,  WF,  REFA,  etc.,  widely  used  in  industry  (Barnes 
1963),  quote  ‘  reaeh  ’  times  over  distanees  of  about  15  eni  for  the  hands  that 
are  not  at  all  faster  than  the  travel  times  of  the  foot  motions. 

Great  eaution  is  mandatory  in  applying  and,  espeeially,  extrapolating  the 
experimental  results  to,  for  example,  the  arrangement  of  pedals  in  automobiles. 
It  must  be  kept  in  mind  that  the  subjeets  sat  on  a  very  short  seat  pan  with  a 
loW’frietion  surfaee.  Their  thighs  were  horizontal,  the  location  of  the  knee  did 
not  change  appreeiably  during  the  motion  of  the  foot  and  lower  leg.  The 
subjeets  performed  expeeted  motions  in  a  predetermined  direction  at  an  instant 
of  their  choice.  The  objective  of  the  experiments  was  to  achieve  high  speed  of 
motion.  Aeeuraey  of  motion  was  of  secondary  eoneern,  missing  the  goal  target 
did  not  bring  about  penalties.  Other  experimental  parameters,  other  types  of 
body  posture,  body  sup])ort,  or  of  foot  and  leg  movements  very  probably 
would  produce  results  different  from  the  ones  reported  here. 


3.7.  Conclusions 

Very  few  differences  in  performance  existed  within  and  between  discrete 
sagittal  and  lateral  motions  of  the  foot  and  lower  leg.  After  rather  short 
learning  periods,  all  motions  eould  be  performed  with  about  the  same  aeeuraey, 
although  forward  motions  of  the  vertical  or  nearly  vertical  lower  leg  were 
slightl}"  faster  than  backward  or  lateral  motions  of  the  elevated  lower  leg. 
The  travel  times  were  very  short,  about  0-1  seconds.  Observed  differences  in 
travel  times  are  too  small  to  carry  much  weight  for  practical  purposes. 

The  results  encourage  further  research  whieh  eould  lead  to  assigning  tasks 
to  the  feet  that  heretofore  have  been  considered  in  the  domain  of  the  hands. 
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Cot  articlo  prestmto  imo  rovuo  bibliographiquo  se  rapportant  aux  operations  do  commandos 
effoctiiecs  par  lo  picrl  ct  dcerit  imo  nouvello  oxporimontation. 

Los  rcsultats  publievs  no  clarifiont  quo  quolqucs  aspects  isoles  de  la  motilite  de  la  jambo  et  du 
pied.  t)n  a  assoz  souvcnt  otudic  rasjxMJt  do  vitosso  dans  los  operations  effoctuoes  par  lo  piod  ainsi 
quo  Taspect  de  forc<’  qui  pimt  ctre  appliquoo  k  uno  pe<lalc,  niais  los  rechorches  out  etc  ofToctuoos 
avoe  tellcinciit  do  conditions  exiwimentalos  differcntos  qu’il  n’ost  pa.s  possible  do  dccriro  un 
mceanismo  general  poiivant  etre  applique  4  un  typo  de  |^>edalo.  Lt\s  opinions  concornant  les 
avantagcs  ot  les  iiieonvcnients  dos  operations  manuolles  comparees  aux  operations  oxeciitoos  par 
lino  p^dalo  iie  seiriblent,  on  general,  pas  baseos  sur  des  resultats  exiidriment^ux. 

Dans  line  experience  on  a  demande  4  20  sujets  de  soxo  masculin  en  position  assise  de  d6placor 
lour  pied  droit  aiissi  rapidement  que  possible  vors  des  cibles  circulairos  oloignoos  do  lo  cm.  La 
direction  de  ecs  inonvoments  discontinus  n’avait  pas  un  offot  appreciable  sur  la  jirccision  du 
mouvement.  Les  nioiiveinents  vors  I’avant  do  la  partie  distalo  do  la  jambo  on  position  verticalo 
ou  presqne  verticale  etaient  USgerement  plus  rapidos  que  les  inoiivemonts  vers  Tarrioro  ou  quo  les 
mouveinents  latcraiix  do  la  jambo  elevco.  Tous  les  inoiivemonts  pouvaient  otro  executes  cn  0,1  s 
envinui. 


Dio  Literatiir  iiber  fiisslK'tatigto  Kontrollhebel  wird  ziisainmcngefasst  imd  iiber  cine  neuo 
Ibitersuchnng  bcrichtct.  Die  verbfTentlichten  Uesultatc  klareii  niir  eiiiige  spczielle  Gcsiehtspunkto 
dor  Deiii  niid  Fu.ss!)e\vegungen.  Selbst  die  rolativ  htiufig  untersiichto  CJeschwindigkcit  der 
botiitigten  Peilale  iiiul  die  auf  die  Podalo  au.sgeuhto  grossto  Kraft  konntennicht  allgemeingultig 
festgcstellt  werdcn.  weil  sio  unter  ver.schio<lenartigen  Bodingungen  untersueht  wurdcn. 
Meiniingen  iiber  die  relativcii  Vorteilo  inid  Xacliteilo  von  Hand -iiikI  Fiisslietatigung  von  Kont- 
rollhobelii  sclioineii  iiicht  iimncr  auf  ex|>eriincntellor  (Irundlage  zii  berulicn.  In  oinein  Versuch 
bewegten  zwanzig  .sitzeiuU*  crwachseiic  jnngc  Manner  ihren  reehten  Fuss  so  .sehnell  wie  moglich 
iiber  cine  Stn‘(‘k<*  von  loom  auf  rundo  Zielpatte.n.  Die  Kichtiing  der  oinzelnen  Bewegungen 
liatte  keim*  Wirkiing  auf  die  Trclfsicherlieit.  Vo rwiirts bewegungen  des  nahczii  vertikalen 
UntorsclKMikcls  waren  ctwas  selinollcr  als  Kiickwarst-odor  Seitwarts-Bcwogiingen  ilos  melir 
waagerecliten  Cnt<'r-schenkel.s,  Alio  Arten  v'on  Bcwcgiing  konnten  in  kiirzester  Zeit  von  otwa 
0,1  sec  aiisgeffilirt  werden. 
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